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 8 
Abstract 9 
 10 
We present here a low-temperature thermochronological study that combines 11 
the apatite fission track and (U+Th)/He dating methods with a pseudo-vertical 12 
sampling approach to generate continuous and well-constrained temperature-time 13 
histories from the onshore Irish Atlantic margin. The apatite fission track and 14 
(U+Th)/He ages range from the Late Jurassic to Early Cretaceous and the mean 15 
track lengths are relatively short. Thermal histories derived from inverse modelling 16 
shows that following post-orogenic exhumation the sample profiles cooled to ~75°C. 17 
A rapid cooling event to surface temperatures occurred during the Late Jurassic to 18 
Early Cretaceous and was diachronous from north to south.  It was most likely 19 
caused by ~2.5 km of rift-shoulder related exhumation and can be temporally linked 20 
to the main stage of Mesozoic rifting in the offshore basins. A slow phase of 21 
reheating during the Late Cretaceous and Early Cenozoic is attributed to the 22 
deposition of a thick sedimentary sequence that resulted in ~1.5 km of burial. Our 23 
data imply a final pulse of exhumation in Neogene times, probably related to 24 
compression of the margin. However, it is possible that an Early Cenozoic cooling 25 
 2
event, compatible with our data but not seen in our inverse models, accounts for part 26 
of the Cenozoic exhumation. 27 
 28 
Supplementary material: Apatite fission track and (U+Th)/He methodologies are 29 
available at www.geolsoc.org.uk/ 30 
 31 
 Historically, the almost complete absence of post-Variscan sediments outside 32 
of northeastern Ireland has made it difficult to assess the Mesozoic and Cenozoic 33 
evolution of onshore Ireland. In contrast, offshore Ireland and Britain make a superb 34 
natural laboratory in which to evaluate the various techniques for estimating the 35 
timing and magnitude of exhumation because of the wealth of data provided by the 36 
hydrocarbon industry (e.g. Corcoran & Doré 2005), such as apatite fission track, 37 
vitrinite reflectance and shale compaction data. Therefore the evolution of the 38 
surrounding offshore basins has often been used as a proxy to infer the post-39 
Variscan history of the Irish onshore (e.g. Naylor 1992). However without well-40 
established links between the onshore exhumation history and the evolution of the 41 
offshore basin fill, such methods cannot be directly used to infer the post-Variscan 42 
history of the onshore portion of the Irish Atlantic margin. 43 
The thermal evolution of the Irish landmass has been investigated by 44 
extensive thermal maturation studies (e.g. vitrinite reflectance and conodont 45 
alteration data) of the Carboniferous and Devonian rocks that cover much of onshore 46 
Ireland (Clayton et al. 1989, Goodhue and Clayton 1999). These studies require 47 
several kilometres of burial and exhumation to reach their present-day exposure 48 
level.  Because post-Carboniferous rocks on the Irish mainland do not yield high 49 
maturation values, peak maturation temperatures and the majority of the subsequent 50 
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exhumation has been attributed to the Variscan orogeny and its unroofing. However 51 
many of the details of the subsequent post-Variscan thermal history remained 52 
unresolved.  53 
The apatite fission track (AFT) technique has been used during the past two 54 
decades to determine more precisely the post-Variscan thermal history of onshore 55 
Ireland (e.g. McCulloch 1993, 1994; Kelley et al. 1993; Green et al. 2000; Allen et al. 56 
2002), as low-temperature thermochronological techniques have the advantage of 57 
yielding temporally controlled thermal history information (e.g. Gallagher et al. 1998).  58 
Green et al. (2000) and McCulloch (1993) have shown that the thermal history of 59 
western Ireland is characterised by cycles of exhumation (with subsequent re-burial) 60 
during the Mid-Jurassic, Early Cretaceous and Early Cenozoic followed by final 61 
exhumation in the Neogene. This Cenozoic thermal history is in broad agreement 62 
with the pattern of Cenozoic exhumation on a larger scale (e.g. Ireland and Britain, 63 
Hillis et al. 2008). Allen et al. (2002) in contrast argued for more a continuous and 64 
progressive Mesozoic to Cenozoic exhumation history, with a phase of reburial 65 
restricted to the Late Cretaceous that was then followed by rapid exhumation during 66 
the Cenozoic. Therefore aspects of the post-Variscan exhumation history of the Irish 67 
onshore remains controversial despite a fairly large database of apatite fission track 68 
data.   69 
 Consequently in this study we also employ the apatite (U+Th)/He (AHe) 70 
thermochronometer in conjunction with the AFT method with the aim of producing 71 
better resolved thermal histories. Moreover we also employed a pseudo-vertical 72 
profile approach (i.e. summit-to-valley sample transects) on selected targets along 73 
the western Irish coast.  The thermal history of each profile is characterised by 74 
integrating these two thermochronometers to generate better constrained continuous 75 
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temperature-time histories than previous thermal history studies from the Irish 76 
onshore. Combining data from different samples using a vertical profile approach 77 
reduces the uncertainties on the final thermal history model (Gallagher et al. 2005). 78 
 79 
Geological setting 80 
 81 
Onshore Ireland 82 
 83 
 Most of central and mid-western Ireland is characterised by relatively flat and 84 
subdued topography and is mainly composed of Late Devonian to Carboniferous 85 
sedimentary rocks. In contrast, the western Irish Atlantic coastline exhibits 86 
comparatively high relief with summits that range from over 750 m in Donegal in the 87 
northwest to over 1000 m in Kerry in the southwest. These high elevation regions are 88 
typically formed of older rocks, ranging in age from Precambrian to Devonian (Figs. 1 89 
and 2). 90 
Post-Carboniferous outcrops are scarce in western Ireland. In southwest 91 
Ireland, the oldest is the Mid-Jurassic (~180 Ma) Cloyne clay (Fig. 1, Higgs and 92 
Beese 1986). Vitrinite reflectance values of ~0.35 RO% (Clayton, 1989) show that the 93 
Cloyne clay has undergone approximately 1 km of burial. The Ballydeenlea Chalk 94 
(Fig. 1) has featured prominently in many studies of the post-Carboniferous evolution 95 
of Ireland (e.g. Dewey 2000; Green et al. 2000; Allen et al. 2002).  It is dated as 96 
Campanian in age (Barr 1966), which corresponds to an age range of 83.6-72.1 Ma 97 
(all stratigraphic ages quoted in this study use the timescale of Gradstein et al., 98 
2012). This outcrop is of particular interest because vitrinite reflectance data (Evans 99 
and Clayton 1998) demonstrates that the Ballydeenlea Chalk was buried and heated 100 
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to temperatures of 60 - 80°C (0.46 – 0.53 RO%). In northwest Ireland the aureoles of 101 
Palaeocene (62-58 Ma) dyke swarms (Thompson 1985) have yielded AHe ages that 102 
are indistinguishable from the intrusion ages of the dykes implying relatively low 103 
amounts (<1.5 km) of Cenozoic exhumation in this region (Bennett 2006). Cenozoic 104 
sediments locally infill karstified Carboniferous limestones in central Ireland.  The 105 
oldest examples are Oligocene in age (Fig. 1, Ballygiblin, Simms and Boutler 2000; 106 
Ballymacadam, Watts, 1957) but most them are either undated or are Miocene to 107 
Pliocene in age (Coxon and McCarron 2009). The preservation of such deposits 108 
clearly indicates locally low amounts of Neogene denudation in central Ireland. 109 
Based on topographic and fluvial studies, Dewey (2000) argued for fragmented 110 
Cenozoic uplift of western Ireland associated with Eocene-Oligocene extensional 111 
normal faulting and Miocene to recent compression, with little denudation of the Irish 112 
Midlands during the Mesozoic and Cenozoic. 113 
 114 
The western Irish offshore basins 115 
 116 
On the western Irish margin, proto-Atlantic rifting is characterized by a series 117 
of discrete extensional episodes during the Permo-Triassic, Middle to Late Jurassic 118 
and Early Cretaceous (Naylor and Shannon 2005) that led to the formation of the 119 
western Irish offshore basins (Fig. 2). The Middle to Late Jurassic rifting event is the 120 
most significant (Naylor and Shannon 2009). It was diachronous, commencing in the 121 
Middle Jurassic in the Slyne and Erris basins (Dancer et al. 1999; Chapman et al. 122 
1999), in the Late Jurassic to Early Cretaceous in the Porcupine Basin (Moore 1992; 123 
Shannon et al. 1999; Naylor and Shannon 2005) and in the Early Cretaceous in the 124 
Goban Spur Basin (Masson et al. 1984; Naylor and Shannon 2005).  125 
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During the Cretaceous and Cenozoic, the evolution of the western Irish 126 
offshore basins mainly reflects the effects of thermal subsidence (Shannon 1991; 127 
Shannon et al. 1993; McDonnell and Shannon 2001). However each basin 128 
experienced different tectonic histories that accounts for their main 129 
tectonostratigaphic differences. Phases of local rifting are inferred in the Erris 130 
(Chapman et al. 1999) and Porcupine (Naylor and Shannon 2005) basins during 131 
Aptian – Albian times (126.3-100.5 Ma). More widespread uplift, possibly related to 132 
the effects of the proto-Iceland plume are also recognised in the Porcupine Basin at 133 
the Palaeocene-Eocene boundary (e.g. Jones et al. 2001; McDonnell and Shannon 134 
2001). Uplift of the Porcupine High during Palaeogene times has been inferred to 135 
have caused an influx of clastic sediments into the Porcupine and Rockall basins 136 
(McDonnell and Shannon 2001). Finally uplift related to either Alpine compression 137 
and/or Atlantic ridge push has been inferred in the Erris, Slyne and Porcupine basins 138 
since the Miocene (Chapman et al. 1999; Dancer et al. 1999; McDonnell and 139 
Shannon 2001).  140 
 141 
Thermochronology  142 
 143 
Sampling strategy 144 
 145 
 The sampling profiles were selected along the western coast of Ireland so as 146 
to detect any north-south variation in the thermal evolution along the Irish Atlantic 147 
margin. We sampled four pseudo-vertical profiles, two in County Kerry 148 
(Carrauntoohill in Macgillycuddy's Reeks on the Iveragh Peninsula and Mount 149 
Brandon on the Dingle Peninsula), Mweelrea in County Mayo and Slieve Snaght in 150 
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County Donegal (Figs 1,2). Vertical sample spacing along each profile was 100 m, 151 
but not every sample yielded sufficient apatite for analysis. In addition one sample 152 
was selected from a clast of Namurian sandstone enclosed in the chalk matrix of the 153 
Campanian Ballydeenlea Fm. (Fig. 1). 154 
 .  155 
Fission track analyses 156 
 157 
 The detailed apatite fission track methodology is provided in the 158 
supplementary material. All samples were prepared and analysed in Trinity College 159 
Dublin (TCD). The etching protocol was very similar to the procedures described by 160 
Donelick et al. (2005). Uranium concentration measurements for fission track dating 161 
were measured by LA-ICPMS at TCD following the protocols described in Donelick et 162 
al. (2005) and. Chew and Donelick (2012). Apatite Cl concentration measurements 163 
(Chew et al. 2014a) and apatite U-Pb age data (Chew et al. 2014b) were also 164 
obtained from the same LA-ICPMS spot ablations. 165 
 166 
(U+Th)/He 167 
 168 
A full description of the (U+Th)/He methodology is provided in the 169 
supplementary material. All apatite grains were picked in TCD and all (U+Th)/He 170 
measurements were carried out at the Scottish Universities Environmental Research 171 
Center (SUERC). All procedures are described in detail in Foeken et al. (2006). The 172 
minimum uncertainty on the calculated ages of the apatite unknowns is fixed at 10% 173 
based on repeated (U+Th)/He measurements of the Durango apatite standard. 174 
 175 
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Results 176 
 177 
The AFT ages range from 131.8 ± 11.0 Ma to 200.1 ± 17.8 Ma (2•; Table 1). 178 
The mean track length (MTL) is similar in all profiles, ranging from 11.8 ± 0.19 μm to 179 
12.9 ± 0.19 μm (1 SE) with standard deviations of between 1.87 μm and 2.33 μm. 180 
The chlorine content of the samples measured by ICPMS ranges from 0.02 to 0.15 181 
wt%, indicating that the analysed grains are fluoroapatites that are similar to Durango 182 
apatite in terms of their annealing characteristics. The kinetic parameter ,Dpar,, ranges 183 
from 1.3 to 2.08 μm, similar to Durango apatite (mean Dpar measured for the same 184 
etching protocol is 1.66 μm). Overall these results for the apatite unknowns are in 185 
good accordance with previously published fission track work from the Irish mainland 186 
(Fig. 3a). 187 
All but one sample passed the χ2 test (Galbraith 1981, modified by Donelick et 188 
al. 2005 for LA-ICPMS fission track data) and the single grain age distributions are 189 
unimodal. A plot of AFT age vs MTL shows a slight decrease in MTL with increasing 190 
age, although this correlation is mainly due to the Slieve Snaght profile that yields 191 
older ages and lower MTLs compared to the other profiles (Fig. 3a). 192 
There is no clear correlation between AFT age and elevation (Fig. 3b), but the 193 
youngest ages for each sample in our dataset typically come from low elevations. 194 
Similarly it seems that the ages are slightly younger towards south, although this 195 
trend is not statistically significant at the 2σ level. 196 
AHe ages range from 78.2 ± 7.8 Ma to 216.5 ± 21.6 Ma (1σ, uncorrected) and 197 
from 96.4 ± 9.6 Ma to 267.9 ± 26.8 Ma (1σ, FT-corrected) (Table 2). Some of the 198 
aliquots exhibit older FT-corrected ages than the corresponding AFT age (Fig. 4a). 199 
However, numerous authors (e.g. Green et al. 2006 and Shuster and Farley 2009) 200 
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have shown that the amount of α-recoil damage has a strong influence on the 201 
effective closure temperature of the AHe system. This amount of damage can be 202 
approximated by the effective uranium (eU) factor where eU = [U] + 0.24 [Th] (Green 203 
et al., 2006). In our dataset eU and AHe age are only weakly correlated, although 204 
most of the He aliquots that are older than the corresponding AFT age have relatively 205 
high eU values (Fig. 4a and 4b).  The AHe ages tend to be younger towards the 206 
bottom of each profile, but there is not a clear correlation between AHe age and 207 
elevation (Table 2). As observed in the AFT ages, AHe ages are slightly younger in 208 
the south than in the north (Table 2, Fig. 4b). 209 
 210 
Interpretation 211 
 212 
The Late Jurassic and Early Cretaceous fission track ages and the relatively 213 
short MTLs obtained in this study are similar to previously published AFT data from 214 
the Irish mainland (McCulloch 1993, Green et al. 2000; Allen et al. 2002). In general, 215 
both the AFT and AHe ages for each sample are younger than the depositional (or 216 
crystallization) ages with the exception of the Ballydeenlea sample.  This is expected 217 
as the Devonian and Ordovician clastic sedimentary rocks have undergone low-218 
grade metamorphism at temperatures significantly higher than the PAZ.  Moreover 219 
both the AFT and AHe methods yield similar ages from the same samples for the 220 
Jurassic to Early Cretaceous. Therefore it seems likely that our data record an 221 
important thermal event during this time period. 222 
 223 
Inverse modelling methodology 224 
 225 
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Inverse modelling of the AHe and AFT (track length and age) data from the 226 
pseudo-vertical profiles has been undertaken to extract thermal history information. 227 
We used the QTQt software. QTQt employs a Bayesian trans-dimensional Markov 228 
Chain Monte Carlo (MCMC) approach (Sambridge et al. 2006; Gallagher et al. 2009).  229 
The modelling procedure is fully described in Gallagher (2012).  230 
In this study a general time-temperature box (75±75°C, variable in time 231 
according to the oldest observed age) is used as the parameter space. A series of 232 
discrete time-temperature points are sampled from this to construct a continuous 233 
thermal history and the data likelihood is calculated for that model. To model the 234 
fission track data, we used the individual track counts, measurements of confined 235 
length and angle to c-axis, the likelihood function of Gallagher (1995) and the 236 
annealing model of Ketcham et al. (2007). The measured AHe ages were modelled 237 
using a spherical diffusion formulation, simulating both alpha-ejection and diffusion 238 
during the thermal history (Meesters and Dunai 2002) combined with the radiation 239 
damage model of Flowers et al. (2009). 240 
The present-day temperature for the top sample of each profile is set at 5 ± 5 241 
°C and a present-day offset between the top and bottom sample is set at 10 ± 5 °C. 242 
We also used independent geological evidence for the high-temperature start point 243 
on each profile, such as the timing of low-grade metamorphism or the U-Pb apatite 244 
age as determined by LA-ICPMS. Finally the Late Cretaceous depositional age of the 245 
Ballydeenlea sample also provides another constraint on its thermal history 246 
modelling. All models employed 200,000 iterations which is sufficient to provide 247 
stable solutions (Gallagher 2012). 248 
In the following section we consider the weighted mean model (termed the 249 
expected model), while credible intervals (the Bayesian equivalent of confidence 250 
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intervals) were calculated using the ensemble of thermal history solutions. These 251 
credible intervals then represent the range of the model parameters contained in the 252 
posterior distribution at the specified level of probability (e.g. 95%). 253 
 254 
Inverse modelling results 255 
 256 
The expected thermal history model for each profile is depicted in Fig. 5 and 257 
the associated predicted AFT-AHe ages and MTLs are illustrated in Figs. 6 and 7 258 
respectively. The next section describes the thermal history trends observed on each 259 
profile from north to south. The temperatures reported are for the coolest (i.e. highest 260 
elevation) sample from each profile. 261 
 Slieve Snaght (Fig. 5a): Although the Main Donegal Granite has yielded a 262 
407±4 Ma crystallization age (O'Connor et al. 1984), the LA-ICPMS U-Pb apatite 263 
data suggest that the batholith remained at temperatures of c. 450°C (the typical 264 
closure temperature of the U-Pb apatite system; Chamberlain and Bowring 2001) 265 
until 384.0±2.9 Ma and this is adopted as the high temperature constraint in this 266 
study.  At ~365 Ma the granite was already in the PAZ and remained at ~75°C until 267 
180 Ma when it underwent 50°C of cooling over 30 Ma.  The rock was then reheated 268 
from surface temperatures to ~55°C at 15 Ma followed by a final cooling event that 269 
exhumed the samples to the surface. 270 
 Mweelrea (Fig. 5b): Low-grade Caledonian deformation of the Mweelrea 271 
succession is locally constrained to post-Darriwilian, pre-Telychian times (i.e. 458.4-272 
438.5 Ma).  The peak temperature of low-grade Caledonian deformation is not known 273 
exactly and so a temperature range of 200±50°C was employed. The rocks then 274 
cooled to around 45°C by 380 Ma, before undergoing slow reheating to re-enter the 275 
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PAZ and reaching ~80°C by 250 Ma.  An episode of slow cooling then began and the 276 
samples reached ~75°C at 155 Ma. Rapid Late Jurassic-Early Cretaceous cooling 277 
(155-125 Ma) at ~2°C/Myr brought the samples to surface temperatures. As with the 278 
Slieve Snaght profile, the rocks then underwent reheating to reach 50°C by 10 Ma 279 
before they were exhumed to the surface. 280 
 Mount Brandon (Fig. 5c): Following Variscan metamorphism the samples 281 
cooled rapidly to ~70 °C by 270 Ma. They then remained at stable temperatures until 282 
150 Ma, when a cooling episode of 25 Ma duration brought the rocks to surface 283 
temperatures. A reheating event of about 35°C occurred until 20 Ma before final 284 
cooling to surface temperatures. 285 
 Carrauntoohill (Fig. 5e): As with the Mount Brandon profile, the Carrauntoohill 286 
samples reached the PAZ at around 275 Ma.  Notably in both profiles the peak 287 
temperatures associated with Variscan metamorphism were insufficient to reset the 288 
U-Pb apatite system which are dominated by detrital apatite U-Pb ages of c. 420 Ma.  289 
Following Variscan metamorphism the samples then cooled very slowly (<0.1 290 
°C/Ma), reaching 70 °C at 125 Ma. A fast cooling episode then brought the samples 291 
to surface temperatures by 100 Ma. Following this episode there was a long phase of 292 
slow reheating until 12 Ma before a final cooling event of about 35°C to surface 293 
temperatures. 294 
 Ballydeenlea sample (Fig. 5d): This sample exhibits a similar thermal history to 295 
the Mount Brandon profile.  However the apatite in this sample is taken from a clast 296 
of Namurian (ca. 329-318 Ma) sandstone that was incorporated into the Ballydeenlea 297 
Chalk during the Campanian (83.6-72.1 Ma). The pre-Campanian history is therefore 298 
inherited from the Namurian source.  It records a cooling episode of 60°C between 299 
150 Ma and 125 Ma, and the sample remained close to surface temperatures until it 300 
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was incorporated into the Ballydeenlea Chalk at ~75 Ma. The Ballydeenlea Chalk 301 
then underwent reheating to 55°C at 20 Ma before a final late cooling event brought it 302 
back to the surface.  303 
 The thermal history models of the profiles indicate that the samples cooled 304 
rapidly into the PAZ following the early high temperature constraint(s). Temperatures 305 
then remained more or less stable (given the uncertainty on the thermal histories) 306 
until a period of rapid cooling during the Mesozoic. This cooling episode occurred 307 
during the Mid-Late Jurassic for the northern profile (180-150 Ma for Slieve Snaght), 308 
during the Late Jurassic to Early Cretaceous for the Mweelrea profile (155-125 Ma) 309 
and for Mount Brandon (150-120 Ma) and during the Early Cretaceous for the 310 
southern Carrauntoohill profile (125-100 Ma). The pre-Campanian history of the 311 
Ballydeenlea sample is inherited from its source region (although this source region 312 
is likely to have been very proximal to the Ballydeenlea Chalk deposit) and shows 313 
Early Cretaceous cooling similar to the Mount Brandon profile.  This Mesozoic 314 
cooling episode is the most striking feature of our models. Following this phase of 315 
rapid cooling, a phase of slow reheating is inferred to have occurred until Neogene 316 
times before a final phase of cooling to surface temperatures. 317 
  318 
Discussion 319 
 320 
Pre-rift history 321 
  322 
The data for all profiles indicate a phase of rapid cooling following the last 323 
significant high-temperature pulse. In the northern profiles, this rapid cooling is 324 
associated with the post-Caledonian exhumation whereas in the southern profiles 325 
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rapid post-Variscan exhumation is apparent. With the exception of the Mweelrea 326 
profile it appears that the samples then remained at relatively stable temperatures 327 
until Jurassic or Cretaceous times. For the Mweelrea profile, post-Caledonian 328 
exhumation to near surface temperatures at 380 Ma was followed by a reheating 329 
phase from 340 Ma until 250 Ma.  This is in good agreement with the occurrence of 330 
Tournaisian (358.9-346.7 Ma) sedimentary rocks that unconformably overlie the 331 
Mweelrea Formation at an elevation of greater than 600 m on the plateau surface 332 
less than 15 km east of Mweelrea summit. Thus, despite the large uncertainties on 333 
this portion of the thermal history, it seems likely that a relatively thick (~1 to 2 km) 334 
sequence of Carboniferous sedimentary rocks was deposited in this region following 335 
Late Caledonian exhumation. 336 
 337 
Mid-Jurassic – Early Cretaceous cooling phase 338 
 339 
Previous thermochronological studies in Ireland have yielded somewhat 340 
contradictory Mesozoic thermal histories. Allen et al. (2002) argued for a prolonged 341 
period of low denudation during the Mesozoic, while Green et al. (2000) proposed 342 
that the Irish mainland underwent at least two cycles of exhumation and subsequent 343 
reburial during the Mid-Jurassic and Early Cretaceous. Similarly Holford et al. (2010) 344 
proposed multiple phases of exhumation in Scotland during the Jurassic and Early 345 
Cretaceous while Holford et al. (2009) working in the Irish Sea area proposed one 346 
main Mesozoic phase of exhumation during the Early Cretaceous. In both these latter 347 
studies, Early Cretaceous exhumation was attributed to the onset of sea-floor 348 
spreading which initiated SW of Ireland at around 125 Ma. 349 
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An important Mesozoic cooling phase is recorded by our dataset. This cooling 350 
phase is diachronous along western Ireland, beginning close to the Lower-Mid 351 
Jurassic boundary (180 Ma) for the Slieve Snaght profile, during the Late Jurassic 352 
(155 Ma) for Mweelrea, close to the Jurassic-Cretaceous (150 Ma) boundary for 353 
Mount Brandon and Ballydeenlea and during the Upper Cretaceous (125 Ma) for 354 
Carrauntoohill. Therefore on the scale of Western Ireland our results are broadly 355 
similar to those Green et al. (2000). However instead of interpreting our results as 356 
evidence for multiple exhumation episodes, we argue here for one cooling phase that 357 
becomes younger towards the south. While migration of the Irish margin above 358 
dynamic topography could explain such an age pattern, there is no evidence in the 359 
Western Irish offshore for an active plume during rifting as there is in the North Sea 360 
(e.g. Underhill and Partington 1993). Additionally, this migration of the locus of 361 
cooling is not observed elsewhere in Ireland and Britain.  The cooling phase is also 362 
older than the cooling phases inferred by Holford et al. (2009) and precedes the 363 
onset of sea-floor spreading. Thus we propose here that the observed cooling in 364 
Western Ireland is linked to rift shoulder uplift and erosion associated with the slow 365 
propagation southwards of mid-Mesozoic rifting along the Western Irish margin. 366 
Several episodes of rifting took place along the Irish Atlantic margin from the 367 
Permo-Triassic to the Upper Cretaceous (e.g Naylor and Shannon 2005). The timing 368 
of the most significant Mesozoic rifting event appears diachronous along the margin 369 
as it took place in the Mid-Jurassic in the Erris and Slyne basins (Dancer et al. 1999; 370 
Chapman et al. 1999) whereas it is constrained to the Late Jurassic to Early 371 
Cretaceous in the Porcupine Basin (Moore 1992; Shannon et al., 1999; Naylor and 372 
Shannon 2005). The onset of cooling as inferred from the inverse modelling of the 373 
Slieve Snaght, Mweelrea and Mount Brandon profiles and for the Namurian source 374 
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region of the Ballydeenlea sample is therefore in good agreement with the timing of 375 
rifting in the offshore basins. The Carrauntoohill profile indicates a younger onset of 376 
cooling compared to the main phase of rifting in the Porcupine Basin directly to the 377 
west. However Aptian-Albian (126.3-100.5 Ma) deltaic sandstones are reported in the 378 
Porcupine Basin that were deposited during a local episode of rifting (Naylor and 379 
Shannon 2005), while the initiation of rifting in the Goban Spur Basin (southwest of 380 
the Inveragh peninsula, Fig. 2) is Hauterivian (133.9-130.8 Ma) (Naylor and Shannon 381 
2005) or Barremian (130.8-126.3 Ma) (Masson et al., 1984) in age. It therefore 382 
appears likely that our southern profile is influenced by this late stage of rifting on the 383 
southwest portion of the Irish Atlantic margin.  384 
It should be noted that whereas our data indicate only one significant 385 
Mesozoic cooling phase, there is often evidence for more than one phase of 386 
Mesozoic rifting in the western Irish offshore basins (e.g. Naylor and Shannon 2005). 387 
The sensitivity of the low-temperature thermochronological techniques employed 388 
means that they cannot record discrete exhumation episodes that are close together 389 
in time. Therefore the inverse modelling approach adopted here records the total 390 
amount of cooling but only temporally discriminates the most significant cooling 391 
phase. 392 
This cooling episode typically lasts for 25 to 30 Ma and the total amount of 393 
cooling is ~50°C. The amount of exhumation can be estimated by assuming a 394 
palaeogeothermal gradient. The pseudo-vertical profile approach adopted here 395 
shows that the temperature offset between the coolest and the hottest sample from 396 
the same profile did not exceed 18°C (for a maximum elevation offset of about 900 397 
m), implying the palaeogeothermal gradient did not exceed 20°C/km.  Although this is 398 
a relatively low value for a rift setting it is not unreasonable (e.g. Seiler et al. 2011). It 399 
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is also in agreement with the present-day geothermal gradient in western Ireland 400 
(Goodman et al. 2004). A cooling phase of 50°C therefore implies around 2.5 km of 401 
exhumation and thus Mesozoic rift-shoulder exhumation is an important feature of 402 
the evolution of the onshore Irish Atlantic margin. 403 
 404 
The post-rift history 405 
 406 
Inverse modelling of our dataset shows that following Mesozoic rift-related 407 
cooling and exhumation the region underwent reheating until the Neogene. This is 408 
indicated by the track length distribution of our samples that show relatively short 409 
MTLs (11.8-12.9 μm), which clearly indicates that the samples cannot have resided 410 
at surface temperatures since the Mesozoic. In our models, the 30-35°C heating 411 
event that followed Mesozoic rifting corresponds to burial depths of about 1.5 km.  412 
However it should be noted that the exact timing of both the heating and 413 
cooling episodes during the Late Cretaceous and Cenozoic is not well constrained. 414 
Our thermal history models indicate a simple cycle of slow heating and rapid late 415 
(Neogene) cooling. However the software used in this study for the inverse modelling 416 
uses a Bayesian approach that tends to favour the simplest thermal history models 417 
(Gallagher, 2012). Additionally the thermochronological techniques employed are not 418 
sensitive at the low temperatures (20-40°C) inferred during the Late Cretaceous and 419 
for a large part of the Cenozoic.  It is therefore possible that the thermal history that 420 
followed Mesozoic rift-flank exhumation is more complex than that depicted. Forward 421 
modelling cannot easily discriminate between different possible Cenozoic thermal 422 
histories at such low temperatures, and so even though the thermal histories are well 423 
constrained due to modelling a combination of AFT and AHe data from pseudo-424 
 18
vertical profiles, the exact timing of burial and exhumation during the Late 425 
Cretaceous-Cenozoic remains uncertain. 426 
Previous thermochronological studies (Green et al. 2000 and Allen et al. 2002) 427 
have argued for Late Cretaceous transgression and chalk deposition on the Irish 428 
mainland. This is in agreement with the inferred 1.5 km burial derived from the 429 
thermal history modelling of the profiles and the Ballydeenlea Chalk sample in this 430 
study, along with existing vitrinite reflectance data from the Ballydeenlea Chalk (post-431 
Campanian burial temperatures of ~60-80°C; Evans and Clayton 1998). To produce 432 
~1.5 km of burial under marine sedimentary rocks we need to assume that the 433 
topography inherited from Mesozoic rift-shoulder uplift was subsequently eroded 434 
away.  The Mesozoic cooling episode of ~30 Ma duration is in agreement with this 435 
scenario, as it allows enough time to erode the rift topography (e.g. Brown et al. 436 
2002; Flowers and Schoene 2010; Japsen et al. 2011).  It is also thought likely that 437 
during the Campanian deposition of the Ballydeenlea Chalk a large part of Ireland, 438 
and not only the western margin, was below sea level (Evans and Clayton 1998; 439 
Dewey 2000; Naylor 1998). Late Cretaceous chalk deposition thus provides a good 440 
candidate burial mechanism but the timing of the initiation of Late Cretaceous 441 
sedimentation and the duration of burial is not well known. The difference in vitrinite 442 
reflectance values between the Mid Jurassic Cloyne Clay (0.35 RO%) and the 443 
Campanian Ballydeenlea Chalk (0.46 – 0.53 RO%) show that the thickness of the 444 
sedimentary cover was variable and suggests it may have been thicker towards the 445 
west.  446 
Similarly determining the timing of the onset of Cenozoic exhumation is 447 
problematic due to the lack of sensitivity of the thermochronometers at near-surface 448 
temperatures. Several authors have suggested that Ireland underwent Early 449 
 19
Cenozoic reactivation and exhumation based on both thermochronological data 450 
(Allen et al. 2002; Green et al. 2000) and also structural evidence (Dewey 2000).  451 
Regional tectonostratigraphic studies (e.g. Brodie and White 1994; White and Lovell 452 
1997; Jones et al. 2002) have argued that Early Cenozoic exhumation related to the 453 
proto-Iceland plume is widespread on this segment of the NW European margin (i.e. 454 
throughout much of Britain and Ireland). This is backed up by thermochronological 455 
data in Scotland (Persano et al. 2007) that has yielded evidence of Early Cenozoic 456 
exhumation. However, other studies from the Irish Sea region have argued for more 457 
localised inversion and exhumation during the Palaeocene (Holford et al. 2005a, b, 458 
Hillis et al. 2008). In parts of northwest Ireland the present exposure level may not 459 
have changed significantly (<1.5 km exhumation) since the Early Cenozoic based on 460 
AHe ages from the aureoles of Palaeocene dyke swarms (Bennett 2006).  The local 461 
preservation of Oligocene sediments as karstic infills in central Ireland shows that 462 
parts of the island have undergone minimal post-Oligocene denudation, implying a 463 
pattern of differential Neogene exhumation between western and central Ireland. 464 
 To test the ability of our dataset to detect a possible phase of Early Cenozoic 465 
cooling in western Ireland we added two constraints (“boxes”) to the thermal history 466 
models to simulate a phase of more rapid heating during the Cretaceous 467 
(constrained at 65±10 Ma and 60±10°C) and a cooling pulse during the Early 468 
Cenozoic (constrained at 50±10 Ma and 35±10°C). The results of the inverse 469 
modelling using these constraints are shown in Fig. 8 for the Mount Brandon profile. 470 
The inverse thermal history models generated using these constraints (and the 471 
associated predictions) do not differ significantly from the unconstrained inverse 472 
models. The thermal history still shows a significant phase of Late Jurassic to Early 473 
Cretaceous cooling. A phase of reheating then occurs to respect the first user-474 
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specified constraint and is followed by a cooling pulse of 20°C to respect the second 475 
user-specified constraint. The samples then remain at stable temperature until 10 Ma 476 
before rapid cooling to surface temperatures took place. Therefore our dataset is 477 
unable to discriminate between thermal histories with or without Early Cenozoic 478 
cooling, which is not surprising given the low temperatures (30–40°C) at which such 479 
a cooling event would have occurred.  480 
 Our inverse modelling clearly indicates a significant pulse (1.5 km) of late 481 
Neogene exhumation to return the samples to the surface. It is unlikely that this 482 
Neogene exhumation pulse is an artefact linked to the annealing model as discussed 483 
by Dempster and Persano (2006) and Redfield (2010). Firstly, the annealing model of 484 
Ketcham et al. (2007) uses a curvilinear form of the annealing equation that should 485 
not produce this kind of artefact, or at least significantly reduces it (Ketcham et al. 486 
2007; Redfield 2010). Secondly, Green et al. (2000) presented evidence for Neogene 487 
cooling from two boreholes samples at depths of 1132 m (Ballyragget borehole, 488 
County Kilkenny, central Ireland) and 1707 m (Dowra borehole, County Cavan, 489 
northwest Ireland). The Neogene cooling episode is better constrained in these 490 
borehole samples as they presently are at greater depths.  Finally, Late Neogene 491 
onshore exhumation seems to be a common feature of the NW European margin 492 
(e.g. Japsen and Chalmers 2000, Stoker et al. 2005, Hillis et al. 2008). Therefore we 493 
are confident that the phase of Neogene exhumation on the western Irish onshore 494 
inferred from the thermal history models is not a modelling artefact, although it is 495 
plausible that a component of the Cenozoic exhumation in western Ireland took place 496 
in the Palaeogene. 497 
 Figure 9 synthesizes evolution of Western Ireland. The origin of the postulated 498 
pulse of Palaeogene exhumation remains enigmatic, whereas the inferred phase of 499 
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Neogene exhumation could likely be explained by the far-field compressional effects 500 
of the Alpine orogeny and mid-Atlantic ridge push, as proposed by Hillis et al. (2008) 501 
for southern Britain and Ireland.  Pleistocene glaciation may have also have been 502 
responsible for a small component of the Late Cenozoic exhumation. Importantly the 503 
present-day landscape of western Ireland is relatively recent and is not inherited from 504 
the Varsican orogenic belt or from Mesozoic rift-related topography. 505 
 506 
 507 
Conclusion 508 
  509 
The use of integrated low-temperature thermochronological techniques (AFT 510 
and AHe) combined with a pseudo-vertical sampling approach generates continuous 511 
temperature-time histories that are significantly better constrained than models 512 
derived from individual samples. The thermal history modelling demonstrates that the 513 
western margin of Ireland has experienced a relatively complex thermal evolution 514 
during the Mesozoic and Cenozoic. Following post-orogenic cooling and exhumation, 515 
the majority of the investigated profiles remained at stable temperatures within the 516 
PAZ during the Carboniferous to Early Mesozoic. The most apparent feature of the 517 
thermal history models is a significant episode of cooling during the Mid to Late 518 
Jurassic in northwest Ireland and during the Late Jurassic to Early Cretaceous in 519 
southwest Ireland. About 2.5 km of exhumation took place probably driven by rift 520 
shoulder uplift and subsequent erosion. The Late Cretaceous and Cenozoic evolution 521 
of the western Irish onshore remains more uncertain as the thermochronological 522 
techniques are not sensitive at temperatures < 40°C to small magnitude cooling 523 
and/or reheating events. We infer that the sample profiles underwent reheating 524 
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during the Late Cretaceous to Early Cenozoic that was related to burial beneath ca. 525 
1.5 km of sedimentary rocks.  This is in agreement with vitrinite reflectance data from 526 
the Campanian Ballydeenlea Chalk in southwest Ireland. This cover was removed 527 
during the Cenozoic. Our dataset points to a final pulse of exhumation in Neogene 528 
times, probably related to compression of the margin and possibly augmented by a 529 
phase of enhanced erosion associated with Pleistocene glaciation. However, it is 530 
possible that an Early Cenozoic exhumation event, compatible with our data but not 531 
seen in our thermal histories derived from the inverse models, accounts for part of 532 
the Cenozoic exhumation. 533 
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Figure captions 756 
 757 
Figure 1: Geological map of western Ireland showing the samples locations and key 758 
localities discussed in the text. 759 
 760 
Figure 2: Map of the Irish Atlantic margin modified from Naylor and Shannon (2009). 761 
The onshore topogography employs the SRTM, 3 arc-second (ca. 90 m) dataset. Ca: 762 
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Carrauntoohill; Ba: Ballydeenlea; Mb: Mount Brandon; Mw: Mweelrea; Sl: Slieve 763 
Snaght. 764 
 765 
Figure 3: (a) Relationship between AFT age and mean track length (MTL), also 766 
termed a boomerang plot for our dataset and previously published data. (b) Plot of 767 
AFT age vs. elevation. 768 
 769 
Figure 4: (a) Plot of FT-corrected (U+Th)/He age vs AFT age (eU). The dashed 770 
diagonal line corresponds to the line of equal AHe and AFT age. (b) Plot of FT-771 
corrected (U-Th)/He age vs  effective uranium content (eU).  772 
 773 
Figure 5: Graphs of the thermal histories inferred from the inverse modelling of the 774 
different profiles. For each thermal history model, the thick dark blue line is the 775 
coolest (highest elevation sample) of the profile, with its credible interval denoted by 776 
thin blue lines. The thick red line is the hottest (lowest elevation sample) of the 777 
profile, with its credible interval denoted by thin purple lines. The grey lines are the 778 
intermediate samples and the dashed horizontal lines are the temperature limits of 779 
the PAZ. The black boxes are user-specified temperature-time constraints. (a) Slieve 780 
Snaght profile; (b) Mweelrea profile; (c) Mount Brandon profile; (d) Ballydeenlea 781 
sample and (e) Carrauntoohill profile. 782 
 783 
Figure 6: Graphs of AFT and AHe age predicted for each model depicted in Fig. 5 vs 784 
observed ages. The dashed diagonal line corresponds to a perfect fit of the predicted 785 
age vs model age. 786 
 787 
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Figure 7: Predicted (red curves with credible intervals denoted by thin grey lines) and 788 
observed (blue histogram boxes) track length distributions for the thermal history 789 
models depicted in Fig. 5. 790 
  791 
Figure 8: Thermal history model and predicted ages and track length distributions for 792 
the Mount Brandon profile with user-specified constraints to force an Early Cenozoic 793 
exhumation event. Colours are the same as in Figure 5. 794 
 795 
Figure 9: Schematic geological evolution of the Irish Atlantic margin. During the 796 
Mesozoic, uplift and erosion of the rift shoulder flanks induces the first phase of 797 
exhumation (ca. 2.5 km) that cooled the samples to surface temperatures. Following 798 
exhumation, there was deposition of a thick sedimentary sequence that resulted in 799 
ca. 1.5 km of burial. A phase of Palaeocene exhumation may have occurred prior to 800 
a final Neogene pulse of exhumation that brought the samples to the surface. See 801 
text for discussion. 802 
 803 
Table 1: Fission track results.  804 
1Coordinates are for the Irish National Grid system.  805 
2Number of spontaneous tracks.  806 
3Sum of the individual grain 238U/43Ca ratios measured by ICPMS and weighted by 807 
the counted area. 808 
4Counted area. 809 
For the Slieve Snaght profile, the weighted mean U-Pb age is pooled from all 810 
samples. 811 
 812 
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Table 2: (U-Th/He) results 813 
1 (2) following the aliquot number indicates that two grains were picked for these 814 
aliquots. 815 
 816 









TABLE 1
Name
Stratigraphic / 
Emplacement 
Age
Easting
1 Northing Elevation Ns 
2 238
U/
43
Ca 
3 Area (cm
2
) 
4 FT Age (Ma)
Ballydeenlea
Ba-B2 Campanian 95300 97700 60 663 4.95E-05 6.14E-04 131.8
Carrauntoohill
Ca-1 Middle Devonian 80366 84417 1038 587 3.66E-05 3.75E-04 158.1
Ca-4 Middle Devonian 80702 83669 731 610 3.61E-05 5.27E-04 164.4
Ca-6 Middle Devonian 80895 83776 566 532 3.44E-05 4.11E-04 151
Ca-7 Middle Devonian 81054 83873 480 499 3.15E-05 3.91E-04 155.1
Ca-8 Middle Devonian 81666 84498 334 499 3.11E-05 3.59E-04 157.3
Ca-9 Middle Devonian 82227 85829 259 787 5.73E-05 6.35E-04 134.7
Mount Brandon
Mb-1 Lower Devonian 46035 111628 953 617 3.79E-05 4.38E-04 159.7
Mb-4 Lower Devonian 45383 110953 645 395 2.41E-05 4.76E-04 159.7
Mb-5 Lower Devonian 45075 110678 558 418 2.58E-05 3.59E-04 159.2
Mb-7 Lower Devonian 44301 109383 348 399 2.51E-05 3.87E-04 155
Mb-9 Lower Devonian 42335 112043 5 353 2.24E-05 4.61E-04 152.3
Mweelrea
Mw-1 Upper Ordovician 80251 268295 795 279 1.80E-05 3.09E-04 152.6
Mw-3 Upper Ordovician 80905 267758 585 616 3.75E-05 3.28E-04 162
Mw-5 Upper Ordovician 81604 267634 374 549 3.25E-05 2.92E-04 165.7
Mw-8 Upper Ordovician 82803 269554 40 177 1.24E-05 4.46E-04 139.7
Slieve Snaght
Sl-1 407±4 Ma 192364 414816 678 570 2.84E-05 4.19E-04 194.5
Sl-2 407±4 Ma 192800 414683 537 644 3.14E-05 4.22E-04 200.1
Sl-3 407±4 Ma 192933 413863 425 722 4.16E-05 3.06E-04 169.3
Sl-4 407±4 Ma 192848 413616 294 802 4.55E-05 2.79E-04 172.7
Sl-5 407±4 Ma 193137 413176 185 790 4.11E-05 2.79E-04 187.2
Sl-6 407±4 Ma 193421 412909 104 940 5.47E-05 2.90E-04 167.8
Sl-7 407±4 Ma 191011 410249 65 485 2.65E-05 3.22E-04 178.8
± 2s (Ma) # grains P(c
2
) MTL (mm) SE (mm) SD (mm) # tracks Dpar (mm) Cl wt% U-Pb age (Ma)
11.0 21 0.06 12.7 0.21 2.23 112 1.65 0.09 417.0
14.6 20 <0.05 12.3 0.19 1.87 95 1.52 0.07 419.0
15.0 23 0.21 12.8 0.22 2.15 95 1.72 0.06 403.0
14.6 20 0.28 12.8 0.21 2.12 101 1.66 0.15 406.0
15.4 20 0.11 12.9 0.19 1.90 102 2.08 0.08 416.0
19.4 20 0.11 12.8 0.22 2.08 91 1.63 0.08 425.0
11.2 20 0.10 12.5 0.21 2.09 100 1.60 0.09 410.0
14.4 22 0.63 12.6 0.20 2.07 106 1.49 0.11 412.0
17.6 19 0.12 12.6 0.26 1.94 54 1.49 0.14 426.0
16.8 19 0.09 12.5 0.20 2.01 102 1.59 0.06 423.0
16.8 22 0.39 12.4 0.24 2.23 85 1.60 0.04 420.0
17.6 20 0.07 12.7 0.19 1.97 102 1.50 0.06 416.0
19.2 20 0.10 12.8 0.23 2.09 81 1.63 0.08 454.0
14.6 23 0.28 12.4 0.21 2.11 102 1.60 0.09 443.5
15.6 21 0.25 12.7 0.19 2.00 107 1.61 0.04 446.3
22.4 20 0.05 12.2 0.41 2.13 27 1.78 0.15 453.0
18.4 23 0.05 11.9 0.20 2.11 107 1.44 0.02
17.8 23 0.09 11.9 0.21 2.16 104 1.41 0.03
14.4 20 0.05 12.0 0.23 2.33 104 1.47 0.02
14.2 21 0.32 12.4 0.19 1.91 103 1.49 0.07
15.4 20 0.10 12.1 0.21 2.16 101 1.41 0.04
13.0 19 0.07 12.5 0.19 1.95 104 1.45 0.07 (weighted average of all 7 samples)
17.8 16 0.06 11.8 0.19 1.94 101 1.30 0.02 384.0
± 2s (Ma) MSWD
15.0 3.3
16.0 5.6
16.0 3.2
15.0 6.4
16.0 3.9
16.0 4.2
19.0 7.9
11.0 2.2
32.0 3.0
15.0 1.9
16.0 2.8
21.0 3.2
34.0 7.8
9.5 3.1
8.8 3.0
23.0 2.9
(weighted average of all 7 samples)
2.9 2.9
TABLE 2
Sample1 U(ppm) Th(ppm) Eu (ppm) Th/U He (nmol/g) Age (Ma) ± 1s Ma F t
BA-B2
-2 5.62 13.08 8.76 2.33 5.97E-06 125.3 12.5 0.838
-3 8.84 13.45 12.07 1.52 7.73E-06 117.5 11.8 0.832
-5 28.02 5.50 29.34 0.20 1.48E-05 92.2 9.2 0.719
Ca-1
-2 11.80 4.45 12.87 0.38 8.10E-06 114.8 11.5 0.768
-4 (2) 23.30 31.65 30.90 1.36 2.23E-05 132.2 13.2 0.791
-5 (2) 36.18 125.24 66.24 3.46 5.07E-05 140.9 14.1 0.732
Ca-4
-1 10.40 50.88 22.61 4.89 1.21E-05 99.3 9.9 0.79
-2 3.65 16.84 7.69 4.61 3.95E-06 94.8 9.5 0.837
-4 13.85 10.20 16.30 0.74 1.08E-05 121.3 12.1 0.847
-5 (2) 35.78 152.90 72.48 4.27 3.83E-05 97.6 9.8 0.667
Ca-7
-1 29.51 24.97 35.50 0.85 1.77E-05 91.6 9.2 0.768
-3 13.24 29.72 20.37 2.24 1.04E-05 99.5 9.9 0.754
-4 0.01 46.02 11.05 - 5.72E-06 96.7 9.7 0.811
Ca-9
-5 46.78 43.02 57.10 0.92 2.50E-05 80.5 8.1 0.808
Mb-1
-2 36.21 39.65 45.73 1.10 3.94E-05 157.3 15.7 0.751
-3 5.02 70.41 21.92 14.03 1.24E-05 104.8 10.5 0.797
-5 5.89 9.22 8.10 1.57 6.57E-06 108.5 10.9 0.745
Mb-4
-2 6.88 7.91 8.78 1.15 5.58E-06 116.6 11.7 0.795
-4 11.10 6.91 12.76 0.62 6.49E-06 93.0 9.3 0.718
Mb-7
-2 17.22 2.52 17.82 0.15 1.02E-05 104.7 10.5 0.694
-3 16.41 20.81 21.40 1.27 1.39E-05 118.8 11.9 0.773
Mb-9
-1 2.78 2.31 3.33 0.83 1.42E-06 78.2 7.8 0.811
-2 54.88 2.48 55.48 0.05 3.11E-05 102.2 10.2 0.746
-3 38.30 2.93 39.00 0.08 2.67E-05 124.9 12.5 0.829
Mw-1
-1 28.37 6.55 29.94 0.23 2.75E-05 133.7 13.4 0.759
-3 9.61 25.00 15.61 2.60 1.06E-05 124.6 12.5 0.821
-4 33.02 3.19 33.79 0.10 2.55E-05 137.4 13.7 0.745
Mw-3
-1 11.84 3.92 12.78 0.33 9.01E-06 128.5 12.8 0.852
-4 41.70 3.07 42.44 0.07 3.27E-05 140.3 14.0 0.815
-5 56.01 2.94 56.72 0.05 4.55E-05 145.7 14.6 0.739
Mw-5
-3 101.10 47.74 112.56 0.47 8.03E-05 130.3 13.0 0.685
-4 5.23 6.16 6.71 1.18 3.53E-06 96.1 9.6 0.727
Mw-8
-2 2.43 11.52 5.19 4.74 2.90E-06 102.9 10.3 0.781
-3 1.42 7.78 3.29 5.48 1.90E-06 106.0 10.6 0.823
Sl-1
-1 10.11 5.64 11.47 0.56 1.00E-05 158.7 15.9 0.799
-4 7.32 0.70 7.49 0.10 5.02E-06 121.7 12.2 0.683
-5 6.05 1.95 6.52 0.32 4.51E-06 125.9 12.6 0.77
Sl-3
-3 18.40 4.06 19.37 0.22 1.66E-05 156.0 15.6 0.825
-4 16.15 1.41 16.49 0.09 1.43E-05 157.5 15.8 0.792
-5 14.34 2.12 14.85 0.15 1.16E-05 142.4 14.2 0.752
Sl-6
-2 74.69 2.80 75.36 0.04 9.04E-05 216.5 21.6 0.808
-3 54.18 13.71 57.47 0.25 6.54E-05 206.0 20.6 0.806
-5 60.19 4.98 61.39 0.08 6.51E-05 192.0 19.2 0.779
Sl-7
-1 9.04 5.40 10.34 0.60 6.48E-06 114.4 11.4 0.742
-2 16.75 2.27 17.29 0.14 1.33E-05 140.3 14.0 0.82
-3 20.43 3.20 21.20 0.16 1.55E-05 133.4 13.3 0.838
-4 10.20 4.38 11.25 0.43 7.11E-06 115.3 11.5 0.725
-5 13.88 2.48 14.47 0.18 1.03E-05 129.1 12.9 0.77
Corrected age (Ma) ± 1s Ma
149.5 15.0
141.3 14.1
128.2 12.8
149.5 14.9
167.1 16.7
192.5 19.2
125.7 12.6
113.3 11.3
143.2 14.3
146.3 14.6
119.3 11.9
131.9 13.2
119.2 11.9
99.6 10.0
209.5 20.9
131.5 13.2
145.6 14.6
146.6 14.7
129.6 13.0
150.9 15.1
153.6 15.4
96.4 9.6
137.0 13.7
150.6 15.1
176.1 17.6
151.7 15.2
184.4 18.4
150.8 15.1
172.1 17.2
197.2 19.7
190.2 19.0
132.1 13.2
131.8 13.2
128.8 12.9
198.6 19.9
178.1 17.8
163.5 16.4
189.1 18.9
198.9 19.9
189.4 18.9
267.9 26.8
255.5 25.6
246.4 24.6
154.2 15.4
171.1 17.1
159.2 15.9
159.0 15.9
167.7 16.8
